Quantitative Doppler ultrasonographic flow velocity determinations are reported from 39 normal control subjects and 80 patients with angiographically documented peripheral arterial disease, in whom femoral, posterior tibial and dorsalis pedis arteries were studied. The mean control values of the most useful parameters were: femoral artery: peak forward velocity (PFV) cm/sec: 40.7 ± 10.9, deceleration (Dec.) cm/sec 2: 250.9 ± 60.0, peak/mean velocity (P/MV): 4.8 ± 1.6; posterior tibial artery: PFV:
SUMMARY Quantitative Doppler ultrasonographic flow velocity determinations are reported from 39 normal control subjects and 80 patients with angiographically documented peripheral arterial disease, in whom femoral, posterior tibial and dorsalis pedis arteries were studied. The mean control values of the most useful parameters were: femoral artery: peak forward velocity (PFV) cm/sec: 40.7 ± 10.9, deceleration (Dec.) cm/sec 2: 250.9 ± 60.0, peak/mean velocity (P/MV): 4.8 ± 1.6; posterior tibial artery: PFV: CLINICAL EVALUATION of peripheral arterial occlusive disease depends upon the history, physical examination, certain noninvasive techniques and angiography especially in cases where vascular reconstruction is considered. A number of noninvasive methods have been developed to assist the functional assessment of the circulatory conditions of the peripheral arterial system. One recently introduced technique is the ultrasonic determination of flow velocity using the Doppler principle.' 2 The diagnostic value of this technique has been demonstrated by a number of authors. 3 In most studies, only qualitative aspects of the Doppler velocity ultrasonogram have been observed, primarily because earlier Doppler devices were in---able of directional sensitivity. Based on the contributions of McLeod," a directionally sensitive Doppler velocity meter was developed, permitting quantitative noninvasive measurements of peripheral arterial velocity. A preliminary study describing calibration and correlation studies with an electromagnetic flow meter was previously reported from this laboratory. 9 Directional sensitive ultrasonic Doppler measurements have been used as a part of a noninvasive diagnostic test panel in over 1800 patients in the UCSD Vascular Diagnostic Laboratories since 1971.10 Observations in thirty-nine healthy volunteers and eighty patients with angiographically documented arterial disease have been analyzed to provide information regarding the reproducibility of the measurements and their sensitivity in demonstrating and quantitating arterial disease of the lower extremity.
Method
In these studies, the Parks 806 Doppler Directional Velocity Meter was used following in vitro calibration with an excised canine vessel as previously described.9 The can-16.0 ± 10.0, Dec.: 129.8 + 75.7, P/MV: 4.8 ± 2.5; dorsalis pedis artery: PFV: 168 ± 5.7, Dec.: 137.9 ± 54.5, P/MV: 6.0 ± 4.1. The values of these measurements in the patients with arterial occlusive disease were all significantly lower, and also permitted distinguishing those with multilevel disease from those with a single site of occlusion. Quantitative evaluation of the Doppler ultrasonogram permits obtaining detailed functional information on the degree of arterial flow impairment in patients with peripheral arterial occlusive disease. nulated vessel is perfused with blood and the time collections are taken. The output voltage is plotted against flow velocity (obtained by dividing the flows by the measured internal cross-sectional area of the excised vessel). Signals were studied from the femoral, posterior tibial and dorsalis pedis arteries, and recorded on a Hewlett-Packard model 7788A multichannel recorder.
To obtain the most reproducible results, the recorded signal is scanned for maximum amplitude by moving the probe horizontally in the area of the expected signal. After identifying the maximum signal, the angle of the probe position is varied again for maximum signal recovery, which is usually at approximately 450 to the inflow. The probe is then fixed in position with a magnetic clamp.*
The following control studies were performed to evaluate the reproducibility of the data. Ten healthy volunteers (20-27 years) were studied by measuring the flow velocities in the femoral, posterior tibial and dorsalis pedis arteries. After the first measurement, the probe was removed and the study repeated twice, at 15-minute intervals. Left and right leg values were compared. Peak forward and reverse velocity, mean velocity (obtained electronically using the 0.1 c/s upper frequency cut-off filter of the HP Bioelectric Amplifier), pulse rise and decay time (from the onset to the peak and from the peak to baseline, respectively) were measured directly from the recorded velocity tracings ( fig.  1 ). The following values were then calculated: acceleration (first derivative of velocity, therefore: peak velocity/pulse rise time), deceleration (peak velocity/pulse decay time), acceleration/deceleration ratio (ADR), and the peak velocity/mean velocity ratio (PMR).
Eighty patients with angiographically documented arterial disease were divided into the following groups:
Group I -Isolated aorto-femoral obstruction; Group II -Obstruction limited to femoro-popliteal segment or distal to the popliteal trifurcation; Group III -Significant aorto-femoral disease combined with femoral, popliteal or,distal tibioperoneal obstruction (multilevel disease). 
Statistical Analysis
The reproducibility of repeated measurements, and the difference between the left and right leg values were analyzed by means of the paired t-test.1' The three patient groups were compared with the control group and with each other.
Results
Reproducibility. Three consecutive measurements at 15minute intervals with repositioning of the probe each time yielded measurements within one standard deviation of the mean, when all recorded and calculated data obtained from the left and right leg were compared. The differences were below the level of statistical significance (table 1) . Table 2 summarizes the velocity data obtained from 39 healthy control subjects (19-32 years), with the corresponding mean values and standard deviations. Figure 2 reproduces a normal ultrasonogram shown with a simultaneously recorded ECG. Table 3 summarizes the results obtained in all three groups of patients with arterial occlusive disease. By comparing these results with those obtained from the control group, it can be recognized that some parameters have a higher diagnostic value than others. Deceleration, peak velocity/mean velocity and peak forward velocity were the most sensitive parameters differentiating the control group from the groups of patients with arterial occlusive disease.
Similarly, these parameters, and the peak reverse velocity, were most helpful in differentiating multilevel (Group III) from single level disease (Groups I and II). Figure 3 depicts velocity ultrasonograms from a patient with aorto-iliac stenosis, while figure 4 documents an almost normal femoral artery flow velocity tracing with depressed posterior tibial and dorsalis pedis artery velocities in a patient with superficial femoral artery stenosis.
Discussion
It is difficult to compare results of flow velocity measurements (velocity = flow/cross-sectional area) with venous occlusion plethysmographic blood flow determinations (expressed in volume/time/limb volume). However, it is pertinent to point out that this report demonstrates essential Decel.
Femoral artery 40.7 -10.9* 6.5 = 3. agreement with a number of venous occlusion plethysmographic studies12 14 that show resting mean flow velocity is not a reliable index of peripheral arterial occlusive disease. A closer analysis of the results shows that while very advanced arterial disease significantly restricts resting mean arterial flow velocity, it does not provide reliable separation between moderately advanced disease and the control group. The explanation is probably related to the fact that vasomotor adjustment tends to compensate mean flow velocity to a considerable extent, as has been shown in previous studies with various flow metering techniques. [15] [16] [17] [18] In contrast, certain components of the velocity pulse are very sensitive indicators of arterial obstruction. It is premature to attempt a ranking of sensitivity or reliability of these derived values prior to experimental experience. However, based on the present data, peak flow velocity and deceleration are very sensitive indicators of hemodynamically significant arterial obstruction. In addition, both the peak/mean velocity and acceleration/deceleration ratios are highly sensitive indices. The decrease of the first ratio with increasing flow obstruction can be explained by an attenuation of the higher harmonic components while the "D.C." component of the flow velocity pulse was not significantly influenced. The change in the flow velocity pattern seems to be responsible for the sensitivity of the acceleration/deceleration ratio: deceleration decreases earlier than acceleration with increasing flow obstruction.
